We consider a U (1) ′ gauge symmetry acting on three generations of right-handed neutrinos. The U (1) ′ symmetry is broken at the TeV scale and its remnant discrete symmetry makes one of the right-handed neutrinos stable. As a natural consequence of the anomaly cancellation, the neutrino mass matrix consists of a combination of Type I (TeV scale) seesaw and radiative corrections. The stable right-handed neutrino communicates with the Standard Model via s-channel exchange of the Higgs field and the U (1) ′ gauge boson, so that the observed relic density for dark matter is obtained in a wide range of the parameter space. The experimental signatures in collider and other experiments are briefly discussed.
for dark matter.
However, one may argue that there is an unsatisfying point which is common in the radiative models. In many cases, a discrete symmetry such as Z 2 is imposed to forbid the Yukawa couplings and stabilize the dark matter candidate. The use of a global discrete symmetry seems rather ad-hoc in view of the great success of the gauge principle of the SM. In addition, it has been argued that in the context of quantum gravity global symmetries are unnatural [16] . These facts motivate us to upgrade the global discrete symmetries to local ones. A simple realization of this idea, for example, is to derive Z 2 symmetry as a remnant of a gauge symmetry broken at some high-energy scale [17] . Along this line, various types of gauge symmetries such as SU (2) ′ [18] , U(1) B−L [19, 20] , and U(1) ′ [21, 22, 23, 24, 25] have been studied.
In this work, we present yet another possibility for U(1) ′ . We consider a U(1) ′ gauge symmetry which acts on the three generations of the right-handed neutrinos ν R i (i = 1, 2, 3) * as a symmetry behind the stability of dark matter. The usual SM particles are neutral under this U(1) ′ . For the theory being anomaly free, the charges for ν R i are uniquely determined up to an overall factor and labeling of the generation;
If the charges are rational, there is no "chiral solution", in which all the charges are finite and distinct from each other in their absolute values, i.e., q i = 0 and q i + q j = 0 for any i, j [26] † . It is shown that the case of the four right-handed neutrinos also has only vector-like solutions. For the chiral solutions, at least five fermions are needed [26] .
Under the charge assignment shown above, both tree and loop-level contributions should be important in the neutrino mass (matrix) at low energy. Since ν R 1 is neutral under U(1) ′ , it has the Yukawa couplings with the left-handed leptons and the Higgs doublets, so that the canonical seesaw mechanism in the first place produces a neutrino mass matrix of rank 1. The other right-handed neutrinos ν R 2,3 are responsible for the correction term needed to increase the rank of the whole neutrino mass matrix. This correction term can show up in the same manner as radiative seesaw models. * We assume unknown physics governing the generation structure universally determines the number of the fermion families in the visible and hidden sectors. † The conditions for the anomaly cancellation are q = 0 (and q 1 + q 2 + q 3 = 0). If q i are rational, we may regard q i are integer since the overall normalization does not matter. Fermat's Last Theorem (n = 3) tells us that there is no solution for the condition.
As the scalar particles needed to have a viable loop correction, we consider a SU (2) doublet scalar η as a simple example in order to obtain the correction at one loop. The radiative seesaw model based on η and the right-handed neutrinos has originally been proposed in Ref. [14] .
As in many radiative seesaw models, the lightest of the neutral particles running in the loop becomes a good candidate for dark matter. We assume that one of the right-handed neutrinos plays this role. Besides t-channel exchange of η, the dark matter particle can communicate with the SM particles through s-channel exchange of neutral scalar particles.
These scalars originate from the standard Higgs doublet Φ and a new scalar field φ that breaks U(1)
′ by its vacuum expectation value (VEV). In the early Universe, the righthanded neutrinos are thermalized and then annihilate into the SM particles predominantly by this process. The relic abundance does not rely on the t-channel exchange of η in our model. Hence the model is free from the tension between the correct relic abundance and lepton flavor violation (LFV) that the models of similar type to Ref. [14] often suffer [27] .
The layout of this paper is as follows. In Section 2 , we present in detail a concrete model, where the mass and flavor structure of the induced neutrino mass matrix and their phenomenology will be the main focus. In Section 3, we discuss the physics of dark matter, including the relic abundance and a perspective on direct detection. In Section 4
we summarize our result and finish with a discussion.
The model
We introduce three right-handed neutrinos ν R i (i = 1, 2, 3) and the SU(2) doublet scalar η which has the same weak charges as the usual Higgs doublet Φ. The new particles are charged under the new U(1) ′ gauge symmetry which is broken at the TeV scale. The particle contents and the quantum numbers under the weak interactions and U(1) ′ are summarized as follows.
The scalar φ is introduced to break U(1) ′ down to Z 2 ‡ . Another scalar ξ plays a role in the neutrino mass as we will see below. The usual Standard Model fields are neutral ‡ The gauge transformation φ(x) → e iα(x)2q φ(x) becomes trivial for α(x) = 2π/2q. This direction works as an odd parity for the fields with charge ±q.
under U(1)
′ . The Lagrangian for the neutrino Yukawa sector is
where L α (α = e, µ, τ ) are the left-handed lepton doublets, y 1α , y 2α , g 1 and g 2 are dimensionless constants, and M 1 and M 2 are the Majorana mass parameters. We assume that M 1 and M 2 take values around or less than TeV to avoid fine tuning in the scalar masses.
Fermions are denoted by two-component spinors, and ǫ stands for the 2 × 2 antisymmetric tensor on that spinor space.
After φ getting a VEV φ , ν R 2 , ν R 3 are mixed to compose the mass eigenstates. In terms of the mass eigenstates, the Yukawa couplings and the Majorana mass terms for
where N 2,3 are related with the original fields as
Here we have assumed that φ , g 1,2 and M 2 are real for simplicity. From Eq. (2), it is clear that the lightest of N 2 , N 3 and η becomes stable and can be a dark matter candidate due to the remnant Z 2 symmetry. § A similar Lagrangian is discussed in Ref. [21] where U (1) ′ charges are assigned not only to righthanded neutrinos but also to quarks.
where m At low-energy scales, the neutrino mass receives two contributions;
where M tree ν is from the Type I seesaw by ν R 1 . The other part M rad ν stems from the radiative corrections by N 2 and N 3 . Fig. 1 shows the Feynman diagrams responsible for these mass terms. Provided that y 1α v ≪ M 1 , the tree-level contribution is given by
in a good approximation. The correction term turns out to be [14] (
where
, and
Here we have assumed that M 2,3 < M η and m ξ is the largest of all the other mass parameters in the model.
The whole mass matrix in Eq. (7) has rank 2, so that the neutrino mass spectrum becomes either normal (NH) or inverted hierarchical (IH). For IH, however, the two con- An illustrative example of fitting the neutrino masses and mixing is obtained by identifying the Yukawa couplings y 2α and y 1α as
and m 2 and m 3 as
where U αi are the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [28] . With this choice, the neutrino mass matrix Eq. (7) is diagonalized by the PMNS matrix with the eigenvalues given in Eq. (12) Finally, we comment on the role of ξ. If ξ were absent, the radiative correction would be induced at the two-loop level. In this case, 1/M * in Eq. (9) is given by
instead of the one in Eq. (10) . The radiative contribution would be much smaller than the tree-level contribution if ξ were absent. The ξ field is needed to keep the correction
In Section 2, it was shown that the lightest of N 2 , N 3 , and η becomes stable and can be a dark matter candidate. We assume that one of the right-handed neutrinos serves as dark matter. With no loss of generality, we can set M 2 < M 3 so that N 2 becomes the stable dark matter particle.
Relic density
Annihilation via Yukawa coupling Let us start with the annihilation channel N 2 N 2 → LL via t-channel exchange of η. As shown in Section 2, the Yukawa coupling y 2 responsible for N 2 N 2 → LL must be small provided that the mass parameters in the model are supposed to be around TeV. One may argue that y 2 can be increased by increasing the mass parameters beyond TeV or by allowing some hierarchy between mass parameters.
However, larger values of y 2 are already in conflict with null observation of LFV in the charged leptons. Fig. 2 shows the parameter space of M 2 and y 2 with the contours for the branching ratio of µ + → e + γ decay Br(µ → eγ) = 5.7 × 10 −13 [30] and the N 2 relic density Ω N h 2 = 0.1 [7, 8] . The plot shows the case where only the t-channel annihilation N 2 N 2 → LL is available for the dark matter annihilation. The solid curves show the contours for Br(µ → eγ), whereas the dashed curves show the contours for Ω N h 2 . The three curves for each constraint are the cases of M η = 200 (red), 500 (blue), 1000 (green)GeV (from the bottom to top).
The lepton mixing angles are assumed to be the best-fit values taken from Ref. [29] , and M 2 = M 3 (or equivalently sin θ = 0) is assumed for simplicity. We do not present the explicite formulas for Br(µ → eγ) and Ω N h 2 (or the thermally averaged cross section for
here, but one can find the complete formulas in Ref. [27] . From Fig. 2 , it is clear that there is no parameter set which satisfies both requirements from dark matter and LFV ¶ .
Annihilation via Higgs scalars and Z

′
Besides the t-channel exchange of η, the dark matter communicates with the thermal plasma through the s-channel exchange of scalar particles (so-called Higgs portal [31] ) and the gauge boson Z ′ whose mass is given by ¶ We do not consider coannihilation N 2 N 3 → LL here. The effect of this coannihilation in the model [14] is studied in Ref. [27] . 
as a typical case. We also assume that the kinetic mixing between U(1) Y and U(1) ′ is small such that it satisfies the experimental constraints [32] . In this case the dominant contributions come from the Higgs portal since the larger the mediator's mass, the smaller the annihilation rate. In addition, the Z ′ boson weakly couples to the SM due to the small kinetic mixing.
There are two real scalar fields which serve as the Higgs portal. As mentioned in Section 2, the scalar doublet Φ and singlet φ develop VEV, and they are expanded as
in the unitary gauge. These fields Φ R and φ R are related with the mass eigenstates h and
where α is the mixing angle. We denote the masses of h and H as M h and
respectively. Through the s-channel exchange of h and H, N 2 is thermalized in the early Universe and then decoupled from the plasma while it is nonrelativistic. If the masses of η, ξ and N 3 are sufficiently larger than the dark matter mass M 2 , the annihilation rate is determined by the six parameters; α, M h , M H , v, φ and θ. This setup is similar to Ref. [10] up to the mixing θ for the right-handed neutrinos.
We implement the Lagrangian of our model into LanHEP [33] . To calculate the relic density Ω N h 2 and the cross section for direct detection, we use the micrOMEGAs software package [34] . In Fig. 3 we plot the relic density for M 2 < 200 GeV where the SM particles including 200 GeV, the annihilation into the Higgs pairs is opened, so that the relic density decreases.
However, the relic density does not hit Ω N h 2 = 0.1 with this effect. The observed value Ω N h 2 = 0.1 can be obtained by the annihilation into the non-SM particles such as η, ξ and N 3 . For example, if these particles are lying around TeV, the correct relic density is achieved for M 2 700 GeV with suitable choices of the parameters.
Direct detection
The t-channel Higgs exchange induces dark matter scattering on nuclei. The elastic N 2 -proton cross section σ p is given by [35] Figure 4 : Scatter plot in M 2 -sin α space satisfying Ω N h 2 = 0.1 and the direct detection bound from XENON100 [36] . The direct detection and the relic density squeeze sin α from larger and smaller values, respectively. For sin α 10 −4 , the relic density does not reach Ω N h 2 = 0.1 within M 2 < 200 GeV. The orange (light) points show the region corresponding to the cross sections XENON1T aims to probe in the future [37] .
where m r = m p M 2 /(m p + M 2 ) is the reduced mass of the N 2 -proton system and
Here f (p)
T G are constants related to the proton matrix elements, and m q and y q are the quark masses and the Yukawa couplings, respectively. The cross section depends on the dark matter mass M 2 mainly through the coupling constants g 1,2 with fixed values of φ and M 2 . Fig. 4 shows a scatter plot in the M 2 -sin α plane satisfying Ω N h 2 = 0.1 and the direct detection bound from XENON100 [36] . In the plot we varied M H from 150 GeV to 500 GeV while fixing the other parameters as M h = 125 GeV, φ = 1 TeV and sin θ = 0 as a benchmark example. The N 2 -proton cross section is calculated in micrOMEGAs [34] .
Provided that the resonance conditions 2M 2 ≃ M h,H hold, a wide parameter space is still viable for the dark matter physics. We also show the points (orange, light) to be probed by the future experiment XENON1T [37] . It is seen that the mixing angle sin α > 0.1 will be sorted in the near future. Throughout the analysis in Section 3, we have neglected the mixing θ among two righthanded neutrinos charged under U(1) ′ . Within this simple case, the N 2 N 2 φ coupling is real and the dark matter annihilates in a parity-conserving manner. If θ is switched on, however, the N 2 N 2 φ coupling turns out to be complex, and the dark matter can annihilate in a parity-violating way. With this pseudo-Dirac coupling, the cross section for the direct detection can get velocity suppression, so that evasion of the direct detection becomes much easier than the case for the scalar coupling only [42] . The viable parameter space for the dark matter phenomenology is actually much wider than the one presented in Section 3. 
